A continuous-wave, argon-ion-pumped, titanium-doped sapphire laser has been constructed. Pulses of 80-psec duration obtained through active mode locking have been compressed to less than 800 fsec using nonlinear external cavity feedback.
Titanium-doped sapphire is an attractive alternative to organic dyes as an argon-ion-pumped laser medium in the near infrared. The broad gain profile, extending over -400 nm with a maximum at -780 nm, 1 makes it a potentially useful tool for the spectroscopy of semiconductor materials. If this gain profile is entirely homogeneously broadened, then, in principle, it should be able to amplify pulses of the order of 4-fsec duration. The demonstration of continuous laser action at room temperature 2 has provoked much interest in the possibilities of cw mode-locked operation. To date, the shortest pulses (6-psec duration) have been generated by active loss modulation, 3 with synchronous mode locking being less effective owing to the high saturation flux, which is imposed by the relatively low gain cross section (-3 X 10-19 cm 2 ), and the long (-3-,gsec) upper-state relaxation time of Ti:A1 2 0 3 . The potential of Ti:A1 2 0 3 to amplify pulses as short as 300 fsec was demonstrated by Schulz et al. 4 using a femtosecond dye laser to seed a Ti:A1 2 0 3 regenerative amplifier. The rate of development of Ti:A1 2 0 3 lasers has been limited by the availability of suitable laser material, and most reports relate to research-grade material.
In the research reported here a commercially available crystal (Union Carbide Corporation) is shown to lase cw with argon-ion excitation and is characterized in some detail. Initially a simple astigmatically compensated three-mirror cavity was constructed using focusing mirrors of 15-cm radii of curvature. The Brewster-angled laser rod was cut perpendicular to the c axis and was 17 mm in length. It was mounted on a water-cooled copper block that was maintained at 170C. A lens (f = 10 cm) focused the all-lines-visible pump radiation from an argon-ion laser (SpectraPhysics model 2020 or 2035) into the laser rod, which absorbed 70% of the pump light. The concentration of titanium ions was nominally 0.1%. At 778 nm the minimum lasing threshold was 0.9 W of absorbed pump power, with all mirrors supporting a dielectric coating of 100% reflectivity at 650-950 nm. With a 4% output coupler, slope efficiencies of up to 16% were achieved. When a Spectra-Physics dielectric tuning wedge was incorporated into the cavity, the laser tuned continuously from 724 to 800 nm with 6 W of pump power. When pumped with 15 W the laser tuned from 720 to 845 nm, but there was a gap in the tuning curve near 815 nm. This has not been adequately explained and may be due to residual absorption in our relatively old Ti:A1 2 0 3 crystal or to some spectral filter in the cavity that has not yet been identified.
In order to exploit the broad tuning range of Ti:A1 2 0 3 for ultrashort pulse generation, the cavity shown in Fig. 1 was constructed. Mirrors Ml and M 2 have 15-cm radii of curvature, and lens Ll has a 10-cm focal length and is located 4 cm from mirror Ml. Mode locking was achieved through loss modulation using a standard Spectra-Physics prism acousto-optic modulator. Pulses of 75-psec duration were generated at a repetition rate of 138-MHz. A synchronously operating streak camera was used to monitor the output pulses, and a typical pair of streak images is shown in Fig. 2 . Using a 5% ouput coupler and 15 W of pump power the cw mode-locked laser tuned from 720 to 840 nm, with average output powers of up to 270 mW, though no output was given between 800 and 830 nm. Using a 20% output coupler the mode-locked laser produced a maximum average output power of 920 mW. Throughout these measurements the pulse duration was maintained below 100 psec.
In order to generate subpicosecond pulses, we used the technique of nonlinear feedback from a resonant external cavity based on the theoretical and experimental research of Blow et al. 5 , 6 An optimized, 63- cm-long, polarization-preserving optical fiber, single mode at 780 nm (York Technology), provided the nonlinearity in the external cavity, which was twice the main cavity length. Figure 3 shows the experimental configuration. The main cavity is as shown in Fig. 1 with a 20% output coupler. A stabilization scheme based on the design by Mitschke and Mollenauer 7 was incorporated to match interferometrically the main and external cavity lengths. With 200 mW of average power coupled into and out of the fiber with 25% efficiency using 20X uncoated microscope objectives, pulses of 770-fsec duration (within 10% of their transform limit if sech 2 pulse profiles are assumed) were generated-as measured using the standard collinear second-harmonic-generation autocorrelation technique with lithium iodate employed as the doubling crystal. To our knowledge these are the shortest pulses to be generated from a Ti:A1 2 0 3 laser without the use of an additional ultrashort-pulse seed laser. Figure 4 shows the autocorrelation trace of these pulses recorded at 788 nm. Average output powers of up to 100 mW were obtained from the reflections at the dielectric tuning wedge-all the output from the 20% output coupler was directed into the fiber. The output was highly sensitive to interferometric changes in external cavity length (i.e., less than -0.5 gm), but, given the correct interferometric mismatch between the two cavities, the external cavity length could be adjusted over several millimeters without broadening the observed autocorrelation trace. Variations in interferometric mismatch owing to vibration of the components in the external cavity resulted in some instability on a millisecond time scale and slower.
The mechanism that produces such a dramatic reduction in pulse width when using nonlinear external cavity feedback has received much attention recently (e.g., Refs. 5, 6, 8, and 9) and is not discussed in detail here. It is clear that the spectral broadening in the external cavity and the phase difference between the two cavities are key elements. At 788 nm the laser described here is certainly not a soliton laser, further demonstrating that negative group-velocity dispersion and soliton shaping are not necessary to achieve pulse compression in this manner. Except for the soliton aspect this experimental system is similar to that reported in Ref. 10 . The minimum pulse durations reported here are somewhat longer, and we believe that this is due to the Brewster-angled Ti:A1 2 0 3 rod's acting as a birefringent tuning element and limiting the available bandwidth in the main cavity. If this problem could be eliminated, probably by changing the orientation of the rod cut from the laser crystal, then significantly shorter pulses could be generated. The minimum pulse duration is likely to be limited by the maximum achievable intensity of light in the external cavity, by the available oscillating bandwidth in the main cavity, and, possibly for short pulses, by pulse-distorting processes (such as group-velocity-dispersion broadening) in the external cavity that may adversely affect the interaction between the pulses.
